Fourier transform emission spectra of D 2 O vapor were recorded at a temperature of 1500°C in the wavenumber range 380-1880 cm Ϫ1 . 15 346 lines were measured, of which the majority were identified as belonging to D 2 O. The spectrum was analyzed using variational nuclear motion calculations based on spectroscopically determined potential-energy surfaces. Initial assignments were made using a potential surface obtained by fitting a high accuracy ab initio potential. The new assignments were used to refine the potential surface, resulting in additional assignments. A total of 6400 D 2 O transitions were assigned and 2144 new D 2 O energy levels were obtained. Transitions involving the 4 2 and 5 2 bending states, with band origins of 4589.30 (Ϯ0.02) and 5679.6 (Ϯ0.1) cm Ϫ1 , respectively, were assigned for the first time.
I. INTRODUCTION
The spectrum of water is perhaps the single most important spectrum of any molecule.
1 It is also one of the most difficult to interpret. This is particularly true of the spectrum of hot water, which is both dense and irregular.
The challenge of assigning water spectra has led to the use of methods based on the variational solution of the nuclear motion problem, 2-4 which have replaced traditional methods based on perturbation theory. Methods based on perturbation theory parameterize the effective Hamiltonian in order to interpret and fit spectra. These Hamiltonians are generally not transferable, even between isotopomers of the same molecule. Conversely variational methods rely on solving the nuclear motion problem using high accuracy potential energy surfaces for the system. Within the BornOppenheimer approximation the potential energy surface of a molecule is unchanged by isotopic substitution and variational methods have been used to fit the spectra of several isotopomers simultaneously. 5, 6 A number of studies [7] [8] [9] [10] have demonstrated the importance of both adiabatic and nonadiabatic corrections to the Born-Oppenheimer approximation for water. This means that a full understanding of the water problem requires a detailed treatment of these non-Born-Oppenheimer effects.
Since the HDO system contains extra, symmetry-breaking terms not present in H 2 O, 8 D 2 O is the best system to compare with H 2 O to obtain insight into the failure of the BornOppenheimer approximation.
In this work we report on a new hot emission spectrum of D 2 O in a region that covers both the high wavenumber part of the pure rotational spectrum and the bending fundamental. To analyze this spectrum, we have constructed a new, spectroscopically determined effective potential energy surface for D 2 O. This surface was refined using data from our initial assignments, allowing further assignments to be made.
II. EXPERIMENT
The hot D 2 O emission spectra were recorded at the University of Waterloo with a Bruker IFS 120 HR Fourier transform spectrometer. The spectrometer was operated with a KBr beamsplitter and either a Si:B or a HgCdTe detector. The spectra reported here in the 350-2200 cm Ϫ1 region were recorded in three pieces. The 350-750 cm Ϫ1 section used a liquid He-cooled Si:B detector and a cold longwave pass filter at 750 cm Ϫ1 . Lines of adequate signal-to-noise ratio were measured from 380 to 748 cm Ϫ1 with this filter. A separate cold bandpass filter was used to cover the 750-1300 cm Ϫ1 region (773-1200 cm Ϫ1 for measured lines͒. The 1200-2200 cm Ϫ1 region (1200-1878 cm Ϫ1 for measured lines͒ was recorded with a HgCdTe detector and an uncooled 2200 cm Ϫ1 longwave pass filter. Note that there is a gap in the spectrum between 748 and 773 cm Ϫ1 because of a small gap between the bandpasses of the two filters used with the Si:B detector. The resolution was set to 0.01 cm The three spectra analyzed for this paper were calibrated using our previous measurements on hot H 2 O 11,12 and HDO 13, 14 in this region. This means that above 750 cm Ϫ1 our lines have a wavenumber scale that is in excellent agreement with that of Toth 15, 16 but the 380-746 cm Ϫ1 region is on a slightly different scale from Toth. Fortunately, this difference is less than 0.001 cm Ϫ1 , our estimated absolute accuracy. The complete list of measured transitions are given in EPAPS 17 archive. This list includes the assignments discussed below. Figure 1 gives a portion of the spectrum.
III. LINE ANALYSIS
Transitions due to hot H 2 O 11 and HDO 13, 14 were identified in the full linelist of 15 346 measured transitions. By comparison with our previous studies on these species, 11, 13, 14 2094 lines were identified as belonging to HDO and 812 lines as H 2 O. The remaining 11 440 lines are analyzed below.
The spectra of hot water and its isotopomers are difficult to analyze because of, in particular, excitation of the large amplitude bending mode, and the coupling between this mode and molecular rotation. This coupling makes states with high K a or with significant bending excitation particularly difficult to assign and to fit. Transitions between these states are very prominent in the spectra of high temperature water vapor.
Polyansky et al. 2 showed that variational nuclear motion calculations based on the use of a high accuracy potential energy surface could be used to analyze spectra which could not be assigned using traditional methods based on perturbation theory. We adopt the variational approach for our D 2 O work presented here.
In the course of the work, a number of variational calculations were performed using the DVR3D program suite 18 in Radau coordinates. These calculations used a DVR grid of 29 grid points in each radial coordinate and 40 angular points, where these grids are based on Morse oscillatorlike functions 19 and ͑associated͒ Legendre polynomials, respectively. A final Hamiltonian matrix of dimension 1500 was used for the vibrational calculations and 300ϫ(Jϩ1 Ϫ p) for the rotational calculations, where the parity pϭ0 or 1. The masses were set at M D ϭ2.013 553 u and M O ϭ15.990 526 u.
In order to make initial assignments, we performed a fit to the empirically determined energy levels of D 2 O. [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] Fits started from the recent high accuracy potential of Polyansky et al. 10 This ab initio potential reproduces all the known levels of D 2 O with a standard deviation of only 0.71 cm Ϫ1 . Here we neglect the nonadiabatic corrections to the BornOppenheimer approximation which are, in any case, smaller for D 2 O than H 2 O. The initial fit used all observed energy levels with Jϭ0, 2, and 5 lying below 8000 cm Ϫ1 : A total of 314 levels. Morphing the original potential energy surface 30 using 23 constants reproduced the levels used in the fit with a standard deviation of 0.019 cm Ϫ1 . This fit was used to generate a linelist of all D 2 O transitions up to Jϭ30 using a preliminary version of the dipole surface of Lynas-Gray et al. 31 In computing this linelist, the computational procedure outlined above was employed except that a reduced radial grid of 21 points was employed to save computer time; this was found to give only negligible differences for the energy range considered here. This linelist was used to make the initial assignments of the D 2 O transitions by a semiautomated procedure 32 which predicts transitions to unobserved states and matches them to unassigned lines in the experimental dataset. Any tentative assignments are checked by generating further transitions using combination differences.
As the energy levels and associated wavefunctions arising from these calculations are only assigned rigorous quantum numbers, J, p ͑parity͒, ortho/para, full assignments were made using the algorithm of Zobov et al. 33 that first assigns the Jϭ0 vibrational states and then the associated rotational levels. This algorithm assumes that rotational levels in the ͑000͒, ͑100͒, ͑010͒, and ͑001͒ states are already known, and makes predictions for levels in higher vibrational states. For D 2 O many of the high J levels for these states were unknown, so we first assigned quantum numbers to these levels, aided by the predicted intensities in the linelist.
2936 lines in the D 2 O spectrum could be assigned trivi- ally on the basis of previously measured energy levels. [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] A similar number of lines were assigned using our linelist, including some lines involving the ͑040͒ and ͑050͒ vibrational states, which had not been observed previously. This led to the determination of nearly 2000 new energy levels for D 2 O. However, during the course of this analysis it became clear that our energy levels, and hence presumably our fitted potential energy surface, were significantly less reliable for states with high K a and/or high bending excitation. It was, therefore, decided to repeat our spectroscopic fitting procedure and to include our newly determined energy levels.
The second fit included all the levels used in the first fit. In addition, our newly assigned levels and all available levels with Jϭ10 were added. Furthermore the energy cutoff on levels was removed. In practice, the highest levels included belonged to the ͑401͒ vibrational state, which lies about 13 000 cm Ϫ1 above the ground state. This gave us a set of 720 energy levels to fit. Our first surface reproduced this larger dataset with a standard deviation of 0.27 cm Ϫ1 , which is an order of magnitude worse than its behavior for the initial, smaller set. The second fit again started from the ab initio potential; two extra constants were varied in the morphing procedure, giving a total of 25 constants ͑Table I͒. With this fit it was possible to reproduce the expanded data set with a standard deviation of 0.033 cm Ϫ1 . The new fit was found to perform much better for the high K a and high 2 states. In particular, using the energy levels generated in this fit allowed us to increase by about 50% the number of energy levels assigned to the ͑040͒ vibrational state and double those associated with the ͑050͒ state. The constants used to determine the two fitted potentials are given in Table I . Table II summarizes the results of our assignments. It can be seen that a total 2144 new energy levels have been determined. The majority of these levels, 1224, have been confirmed by combination differences and can therefore be regarded as being secure. However, a significant number, 920, were only determined by a single transition. This situation arises largely from sequences of pure rotational transitions within a particular state and was already found in our previous study of hot H 2 O. 11 In this case these one-transition assignments have proved reliable and we would expect this to be the case here. Table II gives the band origins for the sequence of (0n0) bending states. The higher states, nϭ4 and nϭ5, have not been observed previously. As we did not identify any transitions involving the 0 00 rotational states for these two vibrational states, we do not have a direct experimental determination of the associated band origins. It is possible, however, to use our calculated energy levels and the systematic behavior of the error in our calculated levels associated with a particular vibrational state to give fairly precise estimates of these band origins. Use of this procedure has been shown to give good results previously. 34 Our estimates give 4589.30 (Ϯ0.02) and 5679.6 (Ϯ0.1) cm Ϫ1 for the band origins of the ͑040͒ and ͑050͒ states, respectively. Figure 1 gives an illustrative portion of the spectrum. Assigned lines are marked and the 52 associated line assignments are given as a file in the EPAPS archive, 17 where a file giving all lines plus assignments can also be found.
IV. RESULTS
Rotation-vibration term values were derived for the newly observed levels of D 2 O by starting from values given in previous studies. 20, 28 Table III present a sample of our newly determined term values: those for the ͑050͒ vibrational state. There are insufficient transitions to this state to give reliable statistical errors for each level. However experimental considerations suggest errors of Ϯ0.006 for levels in ͑050͒. These errors are consistant with the distribution of energies in those cases for which more than one transition determines the term value.
Table III also gives the differences, observed-calculated, for the two fits. It should be noted that most of these energy levels were not used in the fits and therefore these differences reflect the reliability of our predictions. It can be seen that Fit 2 gives a significant improvement over Fit 1 for essentially all levels, leading to both a significant reduction in the magnitude of the residuals and to a smoother Fitted coefficients, c i, j,k , 
V. CONCLUSIONS
New Fourier transform emission spectra of hot D 2 O have been analyzed using variational nuclear motion calculations based on spectroscopically determined potential energy surfaces. The large number of new D 2 O levels determined in the course of this work allowed the spectroscopically determined surface to be further refined, leading to a significant number of additional assignments.
The spectroscopically determined potential energy surface also implicitly contains the non-Born-Oppenheimer, adiabatic correction surface. By determining accurate surfaces for both H 2 O and D 2 O, it should be possible to extract a spectroscopic estimate of the symmetric adiabatic correction surface, and indeed such a procedure has been used successfully for the H 3 ϩ system. 35 The value of the adiabatic correction surface for water remains uncertain since a number of calculations 7, 9, 10 have shown that it depends strongly on the level of theory used to determine it. The present spectra of D 2 O and the resulting potential energy surfaces provide an important step in this direction. 
